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The  repulsive  guidance  molecule  (RGM)  is  a  membrane-bound 
protein  that  was  originally  identified  as  an  axon  guidance 
molecule  in  the  visual  system.  Functional  studies  have  revealed 
that  it  has  roles  in  axon  guidance  and  laminar  patterning  in 
Xenopus  and  chick  embryos,  and  in  controlling  cephalic  neural 
tube  closure  in  mouse  embryos.  The  recent  identification  of 
neogenin  as  a  receptor  for  RGM  has  provided  evidence  of  the 
diverse  functions  of  this  ligand-receptor  pair.  Re-expression  of 
RGM  is  observed  after  injury  in  the  adult  human  and  rat  central 
nervous  systems.  Inhibition  of  RGM  enhances  growth  of  injured 
axons  and  promotes  functional  recovery  after  spinal  cord  injury 
in  rats.  Thus,  re-expression  of  embryonic  repulsive  cues  in 
adult  tissues  contributes  to  failure  of  axon  regeneration  in  the 
central  nervous  system. 
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Introduction 

Repulsive  guidance  molecule  (RGM)  was  originally  iden¬ 
tified  as  a  membrane-bound  protein  with  repulsive  prop¬ 
erties  and  the  ability  to  induce  collapse  of  the  growth  cone 
in  the  chick  retinotectal  system  [1].  The  molecule  was 
subsequently  isolated  and  cloned  from  the  chick  tectum 
[2].  Chick  RGM  mRNA  showed  a  graded  pattern  of 
expression  in  the  tectum,  with  higher  expression  in  the 
posterior  tectum  and  lower  expression  in  the  anterior 
tectum.  It  was  found  to  repel  temporal  retinal  axons  in 
the  stripe  assay  and  to  collapse  their  growth  cones;  thus,  it 
was  thought  that  it  might  be  involved  in  topographic  map 
formation  [2].  Since  the  time  of  these  observations,  how¬ 
ever,  our  knowledge  regarding  RGM  has  increased  and 
unexpected  diverse  functions  of  RGMs  have  been  uncov¬ 
ered  [3,4]. 


RGM  is  a  glycosylphosphatidylinositol  (GPI)-anchored 
glycoprotein  that  does  not  share  significant  homology  with 
any  other  known  protein  (Figure  1).  It  contains  a  putative 
autoproteolytic  or  unstable  cleavage  site;  an  N-terminal 
signal  peptide;  an  Arg-Gly-Asp  (RGD)  site;  a  partial, 
structurally  related,  von  Willebrand  factor  type  D  domain; 
and  a  hydrophobic  domain  of  unknown  function  [2,4]. 
Vertebrates  have  three  homologs  of  RGM,  namely,  RGMa, 
RGMb  (also  known  as  DRAGON)  and  RGMc  (also  known 
as  hemojuvelin  or  HJV),  of  which  RGMa  is  the  most  closely 
related  ortholog  of  chick  RGM.  This  review  particularly 
focuses  on  critical  roles  of  RGM  in  axon  guidance  during 
the  developmental  stage  and  in  inhibition  of  axon  growth 
after  injury  in  the  adult  central  nervous  system  (GNS). 

Axon  navigation  by  RGM  during  development 

As  mentioned  above,  RGM  in  the  chick  tectum  shows  a 
graded  pattern  of  expression.  By  contrast,  this  pattern  of 
RGMa  expression  is  not  seen  in  the  mouse  superior 
colliculus  and  RGMa  mutant  mice  show  normal  projec¬ 
tion  patterns  of  retinal  axons  in  the  superior  colliculus  [5]. 
The  reason  for  the  phenotypic  differences  between  chick 
and  mice  remains  unknown,  because  compensatory  upre- 
gulation  of  gene  expression  of  other  RGMs  or  ephrin 
family  members  has  not  been  observed  in  mice  [5]. 
Notably,  however,  developing  retinal  ganglion  cells 
express  RGMb  at  high  levels  and  RGMb  is  also  present 
in  the  embryonic  superior  colliculus  [5],  suggesting  that  it 
contributes  to  the  development  of  retinocollicular  projec¬ 
tions.  In  vivo  studies  in  RGMb  mutant  mice  are  required 
to  determine  whether  RGM  proteins  regulate  topo¬ 
graphic  map  formation  in  vertebrates. 

Initial  evidence  showing  that  RGMa  has  an  axon  gui¬ 
dance  function  in  vivo  has  been  recently  obtained  in  chick 
and  Xenopus  embryos  [6,7**].  Overexpression  or  down- 
regulation  of  RGMa  in  the  chick  tectum  was  found  to 
result  in  pathfinding  and  mapping  errors,  proving  that 
overexpression  or  downregulation  of  RGMa  has  a  nega¬ 
tive  impact  on  topographic  mapping  along  the  anterior- 
posterior  axis  of  the  chick  tectum  [6].  In  addition,  in  chick 
embryos  overexpressing  RGMa,  a  laminar  erroneous  ter¬ 
mination  of  retinal  axons  was  observed  and  the  termina¬ 
tion  zones  were  located  in  deeper  tectal  layers  than  in  the 
controls  [6].  In  Xenopus  embryos,  downregulation  of 
RGMa,  netrin-1  or  neogenin  by  a  morpholino  antisense 
strategy  leads  to  aberrant  projections  from  the  supraoptic 
tract  (SOT)  in  the  forebrain.  This  aberrant  projection 
phenotype  of  the  RGMa  knockdown  is  very  similar  in 
extent  and  morphology  to  that  of  the  neogenin  knock¬ 
down  [7**].  Combined  partial  knockdowns  of  neogenin 
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Structure  of  RGMa  and  neogenin.  The  different  domains  of  (a)  human  RGMa  and  (b)  its  receptor  neogenin  are  shown.  RGMa  contains  a  potential 
cleavage  site  at  N-terminal  amino  acid  168  (indicated  by  the  asterisk).  Potential  phosphorylation  sites  are  marked  (hexagonal  boxes). 


and  RGMa,  or  of  neogenin  and  netrin-1,  result  in  a 
significant  increase  in  the  number  of  aberrant  SOT  pro¬ 
jections,  thereby  suggesting  that  neogenin,  RGMa  and 
netrin-1  are  involved  in  the  same  signaling  pathway 
during  SOT  development  [7**]. 

Another  study  has  shown  that  RGM  functions  as  an  axon 
guidance  molecule  in  the  developing  mouse  hippocam¬ 
pus  [8].  RGMa  is  expressed  in  the  inner  molecular  layer  of 
the  dentate  gyrus,  whereas  fibers  from  the  entorhinal 
cortex  terminate  in  the  outer  molecular  layers  and  are 
repelled  by  RGMa.  Addition  of  a  function-blocking 
RGMa  antibody  in  an  organotypic  entorhinal  cortex- 
hippocampus  co-culture  system  results  in  aberrant  pro¬ 
jections  of  entorhinal  fibers  and  abolition  of  their  layer- 
specific  termination  pattern  [8].  Thus,  RGMa  seems  to 
restrict  entorhinal  fibers  to  their  correct  layer  —  namely, 
the  outer  molecular  layer.  This  function  is  reminiscent  of 
the  aberrant  layering  of  retinal  fibers  in  the  tectum  of 
chick  embryos  overexpressing  RGMa. 

RGM  is  necessary  for  neural  tube  closure 

RGMa  and  RGMb  show  abundant  expression  in  early 
stages  of  the  development  of  the  mouse  CNS.  Expression 
of  RGMa  and  RGMb  is  first  noted  at  the  tips  of  the  neural 
fold  at  embryonic  day  8.5  (E8.5)  to  E9.5,  precisely  at  the 
beginning  of  neural  tube  closure  in  mice  [5].  Strong  and 
mostly  non-overlapping  expression  domains  of  mouse 
RGMa  and  RGMb  have  been  observed  in  the  embryonic 
brain  and  these  expression  domains  have  been  found  to 
persist  in  several  brain  regions  after  birth  [5,9-11]. 

Consistent  with  these  expression  patterns,  an  unexpected 
role  of  RGMa  in  early  embryonic  development  was 


identified  from  the  analysis  of  RGMa  knockout  mice. 
These  mice  show  deficits  in  neural  tube  closure  at  the 
cephalic  level,  resulting  in  an  exencephalic  phenotype 
with  major  morphological  defects  of  the  dorsal  brain 
structures  [5].  A  neural  tube  defect  has  also  been  reported 
in  zebrafish  after  knockdown  of  the  Neogenin  gene,  even 
though  the  mode  of  neural  tube  formation  differs  from 
that  of  mice  [12]. 

Neogenin  as  a  receptor  for  RGM 

The  receptor  for  RGM  has  been  identified  as  neogenin 
[13],  which  was  originally  isolated  from  embryonic 
chicken  cerebellum  as  a  homolog  of  the  netrin  receptor 
‘deleted  in  colorectal  cancer’  (DGG)  [14].  The  extracel¬ 
lular  domain  of  human  neogenin  contains  four  V-shaped 
immunoglobulin-like  domains  and  six  fibronectin  type  III 
(FNIII)-like  domains  (Figure  1).  Netrin-1  also  binds  to 
neogenin,  but  the  binding  affinity  of  RGM  for  neogenin 
(. Kd  =  230  pM)  is  much  higher  than  that  of  netrin-1  (Kd  =  2 
nM).  Both  RGM  and  netrin-1  bind  to  the  FNIII-like 
domain  of  neogenin  [13,15].  It  is  not  known  whether 
netrin-1  modulates  the  binding  of  RGM  to  neogenin  or 
the  subsequent  signaling  pathway;  such  information 
would  be  useful  for  assessing  the  possibility  that  fine- 
tuning  in  axon  guidance  is  regulated  by  the  competition 
of  these  molecules  for  the  same  or  overlapping  binding 
sites. 

Neogenin  and  DCC  belong  to  the  structurally  diverse 
family  of  so-called  ‘dependence  receptors’  —  a  denomi¬ 
nation  to  indicate  that  the  absence  of  the  ligand  induces 
self-activation  of  the  receptor  and  its  subsequent  proteo¬ 
lytic  processing,  thereby  triggering  apoptotic  cell  death 
[16,17].  This  assumption  is  based  on  the  finding  that 
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overexpression  of  neogenin  or  downregulation  of  RGMa 
by  short  interfering  RNA  at  E1.5  in  the  area  of  the 
developing  dorsal  metencephalon,  mesencephalon  and 
caudal  diencephalons  in  chick  embryos  results  in  an 
increase  in  the  number  of  cells  positive  for  TdT- 
mediated  dUTP  nick  end  labeling  [18].  Apoptosis  is 
caused  by  the  proteolytic  cleavage  of  the  receptor  by 
activated  caspase-3,  although  knowledge  regarding  the 
underlying  signal  transduction  mechanisms  is  limited. 

A  subsequent  study  has  suggested  that  RGMa  might  have 
an  active  role  in  chick  embryo  development,  in  addition 
to  rescuing  cells  by  suppressing  neogenin-mediated  cell 
death.  Overexpression  of  RGMa  in  the  neural  tube  pro¬ 
motes  neuronal  differentiation,  whereas  suppression  of 
RGMa  represses  this  process  [6].  Thus,  RGMa  not  only 
suppresses  neogenin-induced  cell  death  but  also 
enhances  neuronal  differentiation.  Final  cell  fate  deci¬ 
sions  might  be  made  on  the  basis  of  the  relative  expres¬ 
sion  levels  of  RGMa  and  neogenin.  No  alterations  in 
cellular  proliferation  or  neuronal  differentiation  have 
been  reported  in  the  RGMa  mutant  mice  [5],  however, 
suggesting  that  redundant  mechanisms  exist  in  rodents. 

RGMa  inhibits  axon  regeneration  and 
functional  recovery  in  the  injured  CNS 

In  the  adult  mammalian  CNS,  injured  axons  show  very 
limited  regenerative  ability.  Owing  to  a  lack  of  appropriate 


axonal  regeneration,  traumatic  damage  to  the  adult  brain 
and  spinal  cord  frequently  causes  permanent  neuronal 
deficits.  Several  myelin-associated  proteins  in  the  CNS 
have  been  identified  as  inhibitors  of  axonal  regeneration 
after  injury  of  the  adult  vertebrate  CNS.  Among  these 
inhibitors,  myelin-associated  glycoprotein  (MAG),  Nogo 
and  oligodendrocyte-myelin  glycoprotein  have  been  well 
characterized  [19].  A  recent  report  now  suggests  that 
RGMa  also  functions  as  a  myelin-derived  neurite  out¬ 
growth  inhibitor  in  vitro  and  in  vivo  [20**]. 

Under  pathological  conditions,  RGMa  is  upregulated 
around  the  lesion  site  in  rats  with  spinal  cord  injury 
(SGI)  [21].  Neogenin  is  expressed  widely  in  the  adult 
CNS  and  spinal  cord,  and  is  distributed  predominantly  in 
the  gray  matter  [22].  To  assess  whether  RGMa  is  involved 
in  the  inhibition  of  axon  regeneration,  a  function-block¬ 
ing  antibody  was  used  to  treat  adult  rats  with  SGI  [20**]. 
The  RGMa  antibody  was  locally  administered  through  an 
osmotic  minipump  for  two  weeks  after  injury.  Ten  weeks 
after  SGI,  tracing  of  the  corticospinal  tract  (CST)  revealed 
massive  growth  and  sprouting  of  the  axons  beyond  the 
lesion  epicenter  in  rats  treated  with  the  RGMa  antibody, 
whereas  slight  growth  of  GST  fibers  was  observed  in  those 
treated  with  the  control  antibody  (Figure  2)  [20**].  The 
extensive  regrowth  or  sprouting  of  fibers  in  rats  treated 
with  the  RGMa  antibody  correlated  well  with  the 
improved  functional  recovery  in  these  animals.  Thus, 


Figure  2 


The  anti-RGMa  antibody  promotes  the  regeneration  of  CST  axons  after  SCI.  Representative  images  of  CST  fibers,  anterograde  labeled  with 
biotinylated  dextranamine,  in  rat  spinal  cord  10  weeks  after  injury:  (a)  rats  treated  with  anti-RGMa  antibody;  (b)  rats  treated  with  control  IgG. 
Rostral  is  to  the  left.  Regeneration  or  sprouting  of  injured  axons  is  massively  induced  by  treatment  with  anti-RGMa  antibody.  Figure  reproduced, 
with  permission,  from  [20**]- 
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RGMa  has  been  shown  to  be  a  valid  example  of  an  axon 
growth  inhibitor  in  adult  rats.  In  agreement  with  these 
observations,  immediate  (one  day)  and  long-lasting 
(weeks  or  months)  upregulation  of  RGM  expression 
has  been  observed  at  the  lesion  site  and  in  the  scar  tissue 
of  humans  suffering  from  focal  cerebral  ischemia  or  a 
traumatic  brain  injury  [23]. 

Because  RGMa  is  expressed  in  CNS  myelin  purified  from 
an  adult  rat  brain  and  the  function-blocking  RGMa  anti¬ 
body  decreased  the  inhibitory  effect  of  myelin  on  neurite 
growth  in  vitro  [20**],  RGMa  must  also  be  a  myelin- 
derived  inhibitor  of  axon  growth.  After  SGI,  however, 
induction  of  RGMa  in  the  epicenter  area  was  also  found  in 
IB-4-positive  microglia  and/or  macrophages  [20**]  —  a 
cell  type  that  also  expresses  netrin-1,  the  other  ligand  of 
neogenin,  in  spinally  injured  mice  [24].  In  adult  rats, 
netrin-1  is  present  in  the  spinal  cord  in  both  the  grey 
and  white  matter  [22],  and  is  upregulated  at  the  lesion  site 
[24].  Because  netrin-1  stimulates  neurite  growth  through 
neogenin  [25],  preventing  the  binding  of  RGMa  to  neo¬ 
genin  might  allow  the  axons  to  be  navigated  by  netrin-1. 

RGM  signal  transduction  during  axon 
inhibition 

It  is  well  established  that  Rho  GTPases  have  key  roles  in 
axon  guidance  and  neurite  growth  [26-28].  Activation  of 
RhoA,  in  particular,  is  important  both  for  growth  cone 
collapse  and  for  neurite  growth  inhibition  mediated  by 


the  action  of  several  repulsive  or  inhibitory  proteins  [29- 
31],  such  as  ephrin-A5,  semaphorin-3A,  Wnts,  MAG  and 
Nogo-A.  Consistent  with  this  notion,  RGMa  activates 
RhoA  in  cerebellar  neurons  (Figure  3)  [20**].  Because 
inhibition  of  Rho  kinase,  a  downstream  effector  of  RhoA, 
prevents  the  effects  of  RGMa,  activation  of  RhoA  and 
Rho  kinase  must  be  necessary  for  downstream  RGMa 
signaling. 

The  mechanism  underlying  the  activation  of  the  RhoA/ 
Rho  kinase  pathway  after  RGMa  binds  to  neogenin 
remains  unknown.  Rho  GTPases  are  activated  by 
enzymes  that  enhance  GTP  binding  and  activity,  such 
as  guanine  nucleotide  exchange  factors  (GEFs).  Some 
RhoGEFs  might  associate  with  neogenin  to  induce  the 
activation  of  RhoA  specifically  in  response  to  RGM.  This 
possibility  is  suggested  by  the  following  observations: 
both  neogenin  and  DGC  bind  to  focal  adhesion  kinase 
(FAK)  through  their  highly  homologous  intracellular 
domain  and  FAK  is  associated  with  the  netrin-1 -stimu¬ 
lated  outgrowth  of  cortical  axons  [32,33].  Considering  the 
fact  that  some  RhoGEFs,  such  as  PDZ-RhoGEF  and 
LARG,  are  phosphorylated  by  FAK  [34,35],  these  pro¬ 
teins  might  be  involved  in  RGM  signal  transduction. 

The  signal  transduction  mechanisms  underlying  other 
aspects  of  the  RGM-neogenin  interaction  are  mostly 
unknown.  Many  signals  might  be  activated  constitutively 
or  in  a  ligand-dependent  manner,  and  could  account  for 


Figure  3 


Convergent  signaling  mediates  inhibition  of  axon  growth.  RGMa  activates  the  Rho/Rho  kinase  pathway  in  neurons  through  neogenin.  Myelin-derived 
neurite  outgrowth  inhibitors  —  namely  MAG,  Nogo  and  oligodendrocyte  myelin  glycoprotein  (OMgp)  —  in  oligodendrocytes  also  induce  inhibitory 
signaling  in  neurons  by  activating  the  Rho/Rho  kinase  pathway  through  the  Nogo  receptor  complex  comprising  p75/Troy,  NgR  and  Lingo-1. 
Downstream  molecules,  such  as  myosin  light  chain  (MLC),  LIM  kinase  (LIMK)  and  CRMP-2,  might  have  roles  in  axon  growth  inhibition. 
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the  various  functions  of  RGM  and  neogenin.  Future 
studies  will  address  this  important  issue  and  will  hope¬ 
fully  bridge  the  significant  gap  in  our  knowledge  of  these 
signaling  mechanisms. 

Other  aspects  of  RGM 

The  diversity  of  RGM  functions  might  be  explained  by  a 
recent  finding  that  suggests  that  members  of  the  bone 
morphogenetic  protein  (BMP)  family  are  binding  part¬ 
ners  of  RGMs  [36,37*— 39*].  All  RGMs  have  been  found  to 
enhance  signaling  of  BMP2  and  BMP4  in  vitro.  Binding  of 
RGMs  to  BMPs  might  place  another  obstacle  in  the  way 
of  successful  neuroregeneration  of  the  injured  GNS. 
Notably,  expression  of  BMP2,  BMP6  and  BMP7  is 
induced  after  injury  or  insult  [40-43]. 

It  will  be  interesting  to  assess  whether  BMPs  themselves 
are  axon  growth  inhibitors  in  the  GNS  because  BMPs 
activate  LIM  kinase  —  a  downstream  effector  of  Rho 
kinase  —  directly  through  the  BMP  type  II  receptor  [44]. 
In  addition,  BMP2  and  BMP4  repress  oligodendrocyte 
development  by  inducing  a  shift  in  the  commitment  of 
oligodendrocyte  progenitors  towards  the  astrocytic  line¬ 
age.  Demyelination  is  commonly  observed  after  SGI  and 
rapid  remyelination  might  contribute  to  functional  recov¬ 
ery.  This  process  could  be  prevented  by  BMPs  and 
upregulation  of  RGM  might  potentiate  the  effect  of 
BMPs. 

Conclusions 

RGM  and  neogenin  transduce  both  ligand-independent 
constitutive  and  ligand-dependent  signals.  They  have 
significant  roles  in  axon  guidance,  cell  death,  differentia¬ 
tion  of  neurons  and  neural  tube  closure  during  CNS 
development.  It  will  be  interesting  to  explore  the  possible 
cross-talk  among  these  functions.  Do  neurons  whose 
axons  are  inappropriately  navigated  die  in  the  absence 
of  RGM?  What  is  the  key  signal  that  determines  cell 
death  or  survival? 

The  functions  of  RGM  and  neogenin  are,  at  least  in  part, 
associated  with  the  observations  that  RGM  proteins 
enhance  BMP  signaling,  that  netrin-1  binds  to  neogenin, 
and  that  several  members  of  the  RGM  family  exist  in 
mammals.  Another  interesting  aspect  of  the  function  of 
RGM  in  the  adult  CNS  is  that  RGM  might  act  as  an 
inhibitory  molecule  rather  than  a  repulsive  molecule. 
Inhibition  of  both  the  RGM-neogenin  signal  and  the 
BMP  signal  by  a  function-blocking  antibody  might  con¬ 
tribute  to  axon  growth  and  functional  recovery  after  SGI. 
In  this  case,  LIM  kinase  might  represent  another  mole¬ 
cular  target  to  develop  a  fruitful  approach  towards  stimu¬ 
lating  the  regeneration  of  nerve  fibers.  Because  RGM  has 
been  shown  to  have  diverse  functions  in  the  developing 
nervous  system,  it  might  also  have  roles  in  addition  to 
inhibiting  axon  growth,  such  as  regulating  cell  death  and 
differentiation  in  the  injured  adult  GNS.  Future  studies 


on  this  topic  are  required  to  elucidate  the  molecular 
mechanisms  of  these  interesting  molecules. 
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